Abstract: We experimentally demonstrate amplitude modulators (AMs) with >65 dB extinction across over a 160 nm spectral range. The output optical phase response is also characterized when the amplitude is modulated.
Introduction
Silicon integrated photonics has attracted tremendous attention recently due to its promise for the next generation classical and quantum photonic devices. However, tight fabrication tolerance down to sub-10-nm is sometimes needed to meet requirements, and therefore is significantly limiting the performances of integrated photonic devices. For example, on-chip optical couplers are directly affected by the fabrication variations. Thus, they degrade functionalities of photonic circuits such as amplitude modulators (AMs) based on Mach-Zehnder interferometer (MZI) structure. Due to the uncertainty in the dimensions of Si waveguides, the extinction ratios (ERs) of MachZehnder modulators (MZMs) are typically less than 30 dB, and the operating wavelengths are far away from the design target. Although high extinction MZMs with ~50 dB [1] and ~60 dB [2] ERs were demonstrated, neither high speed nor broadband operation was reported. Here, we experimentally demonstrate ~65 dB ultrahigh ER MZMs across a broad spectral region of 160 nm in a single device using simple adjustments of the phase shifter voltages. We calculate that our MZMs have no theoretical limit on the ER and operation bandwidth up to 100s of nm, but are limited by the precision that we can apply exact voltages to control phase very precisely, including maintaining phase across temperature. We theoretically studied optical phase output of our MZMs when the amplitude is modulated. Our broadband MZMs with record high ERs paves the road to broad integrated photonic applications including high data rate quantum communication, quantum sensing and quantum computing.
Experimental and simulation results
Different from conventional AMs based on a MZI that is constructed by a single phase-shifter in one or both arms of the MZI and two 3-dB couplers connected by waveguide, our cascaded MZI (CMZI) design employs an additional coupler and extra phase shifters. Figure 1 (a) shows a microscope image of a fabricated CMZI AM comprising thermal-optical (TO) phase shifters, electro-optical (EO) phase shifters and three directional couplers. The EO phase shifters are integrated for high speed operation. We study the spectral dependent ER of CMZI AMs that were fabricated on Sandia National Laboratories' silicon photonic platform [3] . We end coupled light from a tunable Santec 710 fiber laser into a CMZI AM chip from the left upper port and measured the output power from either the bar or the cross output port. To demonstrate high ER performance across a wide spectral range, we measured optical output power as a function of the electrical power dissipated on TO 1 and TO 2 when the laser wavelength was tuned from 1480 to 1640 nm. A representative contour image of the optical output power is shown in Figure 1 (b) at 1500 nm wavelength, where over 60 dB ER was observed.
Figure 1(c) shows the ER measured for both the bar and cross output ports as we tuned the laser wavelength. The ERs measured from the two output ports show distinct behavior that the bar output port exhibit ultrahigh ER across the whole tuning range of the laser while the ERs of the cross output port depended strongly on the wavelength, with the highest of ~66 dB and the lowest ~1.8 dB. Our simulation (data not presented here) indicates that this is caused by the very unbalanced split ratio of directional couplers at certain wavelength region. Our simulation will also show that high ERs can be measured from both output ports if the directional couplers' split ratio is between 25/75 and 75/25. Otherwise, high ER can still be realized by one of the two output ports. Note that the presented data only shows the lower limits of the ER of our CMZI AMs due to the limited sensitivity of our power meter (-80 dBm) as well as the output power from the laser. Indeed, our CMZI AMs provide ultrahigh ERs with no theoretical limit and experimentally is only constrained by the stability and resolution of electric power supplies. Moreover, we measured that the bandwidth for given set of voltages for >60 dB and >30 dB ERs are 0.015nm and 3.5 nm respectively. TO phase shifters are known for their relatively slow response time, thus not suitable for high speed operation. Therefore, as shown in figure 1(a) , we incorporate EO phase modulators in our CMZI AMs for high speed operation. We carried out an eye-diagram measurement by applying a non-return-to-zero (NRZ) signal on an EO phase shifter. We measured the optical power from the cross output port using a high speed photodiode, which was connected to an oscilloscope triggered by the clock of the NRZ signal. Figure 1(d) shows an eye-diagram of a CMZI AM modulated at 4 Gb/s data-rate. We believe an ER (> 50 dB) at 4 Gb/s is theoretically achievable based on the device having adequate spectral bandwidth for 4 Gb/s operation, dependent on achieving low circuit ringing.
While we have emphasized on the amplitude modulation of our CMZI AMs, it is also highly interesting discuss the phase behavior since many applications require both amplitude and phase control, such as continuous variable quantum key distribution. The study of the crosstalk between amplitude and phase modulators is critical for accurate control. Here we show theoretically that the output optical phase is indeed modulated as we change the amplitude. Figure 1 (e) shows a 2D contour plot of the cross port output optical phase as a function of the TO 1 and TO 2 phase shifters when all three couplers have splitting ratio of 60:40 (the same CMZI AM design as shown in figure 1 ). We observed that the output phase changes gradually at most locations in the 2D image, with abrupt phase changes around the two points where highest ER is achieved. To look into the output phase behavior around these particular conditions, we plot the output phase ( figure 1(f) ) along the white and black dashed lines that cross one of the two high ER points. Note that the two lines also mimic how the CMZI AMs will be used in reality that high ERs are achieved by sweeping the voltage across only one phase shifter (either TO 1 or TO 2 ) while applying a constant voltage to the other phase shifter. Figure 1(f) shows that the output phases jump abruptly with an amplitude of π when the ultrahigh ER is achieved. We also verified this phase behavior using self-referenced homodyne detection technique and will present the experimental results. 
